In Alzheimer's disease (AD), the mechanisms of neuronal loss remain largely unknown. Although tau pathology is closely correlated with neuronal loss, how its accumulation may lead to activation of neurotoxic pathways is unclear. Here we show that tau increased the levels of ubiquitinated proteins in the brain and triggered activation of the unfolded protein response (UPR). This suggested that tau interferes with protein quality control in the endoplasmic reticulum (ER). Consistent with this, ubiquitin was found to associate with the ER in human AD brains and tau transgenic (rTg4510) mouse brains, but this was not always colocalized with tau. The increased levels of ubiquitinated protein were accompanied by increased levels of phosphorylated protein kinase R-like ER kinase (pPERK), a marker that indicates UPR activation. Depleting soluble tau levels in cells and brain could reverse UPR activation. Tau accumulation facilitated its deleterious interaction with ER membrane and associated proteins that are essential for ER-associated degradation (ERAD), including valosin-containing protein (VCP) and Hrd1. Based on this, the effects of tau accumulation on ERAD efficiency were evaluated using the CD3␦ reporter, an ERAD substrate. Indeed, CD3␦ accumulated in both in vitro and in vivo models of tau overexpression and AD brains. These data suggest that soluble tau impairs ERAD and the result is activation of the UPR. The reversibility of this process, however, suggests that tau-based therapeutics could significantly delay this type of cell death and therefore disease progression.
Introduction
The number of dead neurons in the Alzheimer's disease (AD) brain exceeds the number of tangles composed of the microtubule associated protein tau (Gó mez-Isla et al., 1997) . Despite this, tau accumulation tracks best with clinical progression (Braak and Braak, 1991) . This suggests that there is likely a secondary route of cell death brought on by the simultaneous accumulation of soluble tau species that cannot be detected histologically. The pathogenic effects of these tau species that can propagate from neuron to neuron remain unclear (Goedert et al., 2010; Liu et al., 2012a; de Calignon et al., 2012) . However, recent evidence from studies of other neurodegenerative diseases suggests that endoplasmic reticulum (ER) stress may link proteinopathies together (Hoozemans et al., 2007; Colla et al., 2012) .
The most compelling evidence for an association between ER stress and neurodegeneration is that pretangle neurons from tauopathies such as AD, frontotemporal dementia with tau inclusions (FTD-tau), and progressive supranuclear palsy (PSP) have increased levels of protein kinase R-like ER kinase (pPERK; Hoozemans et al., 2009; . Although there are no reports showing that tau is processed in the ER, a recent genome-wide association study found a single nucleotide polymorphism (SNP) in the gene coding for PERK with risk for PSP (Hoglinger et al., 2011) , providing further evidence for a pathogenic link between the ER system and tau accumulation. One mechanism of ER stress induction is blockage of ER-associated degradation (ERAD), a cellular process necessary for proteostasis. Consequently, PERK becomes activated to attenuate protein translation and decrease nascent protein input to the ER.
PERK is phosphorylated when ERAD is impaired due to activation of the unfolded protein response (UPR) initiated by accretion of unfolded proteins inside the ER (Weihl et al., 2006) . The UPR reduces the input of nascent proteins into the ER and facilitates the output of mature proteins from the ER (Schröder and Kaufman, 2005). Two major events in the UPR are activation of PERK and upregulation of the profolding ER chaperone immu-noglobulin heavy-chain binding protein (BiP; Bertolotti et al., 2000; Okamura et al., 2000) . PERK rests on the cytoplasmic interface of the ER anchored to BiP, which is in the ER lumen (Bertolotti et al., 2000; Okamura et al., 2000) . Upon activation of the UPR, PERK and BiP dissociate, allowing PERK to inhibit eukaryotic initiation factor 2; Harding et al., 2000) . Through this dissociation, BiP becomes available to triage unfolded proteins (Harding et al., 1999; Harding et al., 2000) .
We tested the hypothesis that tau interferes with ERAD, thereby contributing to disease pathogenesis. In tau models and human AD brains, there was significant evidence suggesting that tau accumulation can facilitate an UPR and that ER protein quality control is impaired. We also determined that ERAD was in fact blocked by tau accumulation, a process that led to the UPR, but was reversible when tau levels were reduced. These findings suggest that tau accumulation interferes with ER proteostasis, which activates the UPR.
Materials and Methods
Antibodies. The following antibodies were purchased from Cell Signaling Technology: ubiquitin (anti-mouse), calnexin, VCP, pPERK, and hrd1. Flotillin-1 antibody was obtained from BD Transduction Laboratories. The ubiquitin antibody used in the experiment shown in Figure 6 was anti-goat (Santa Cruz Biotechnology), which was selected to prevent nonspecific binding of mouse IgG because of inflammatory markers that are induced in the mouse brain after surgical procedures. The CD3␦ antibody and the tau-150 antibody (Fig. 2, Fig. 7 ) were also purchased from Santa Cruz Biotechnology. PHF1 was a generous gift from Dr. Peter Davies and was used for the experiments shown in Figure 1 and Figure 4 . Tau5 was a generous gift from Dr. Lester Binder and used in Figure 1 and Figure 6 . E1 is an antibody that detects human tau and was generously provided by Dr. Leonard Petrucelli and used in the experiment shown in Figure 5K . The tau antibody used in Figure 5A was purchased from Dako. GAPDH was obtained from Meridian Life Sciences. Actin was purchased from Sigma. Secondary antibodies conjugated to HRP were purchased from SouthernBiotech. Secondary antibodies conjugated to a fluorophore (used at 1:1500) and Neurotrace dye for neuronal-specific staining were purchased from Invitrogen.
Mice. All animal studies were approved by the University of South Florida's Institutional Animal Care and Use Committee and abided by that committee's policies on animal care and use in accordance with the Guide for the Care and Use of Laboratory Animals, the Animal Welfare Regulations Title 9 Code of Federal Regulations Subchapter A, "Animal Welfare, " Parts 1-3, and the Public Health Service Policy on Humane Care and Use of Laboratory Animals. This University of South Florida program and the facilities for animal care and use are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The animals were kept in standard housing on a 12 h light dark cycle and received food and water ad libitum. The tau transgenic (rTg4510) and parental mice were maintained and genotyped as described previously (Santacruz et al., 2005) . All experiments were done in mice of either sex.
Dox diet. Six rTg4510 mice (five males and one female) were fed a doxycycline (Dox) diet (TD.00502; Harlan Laboratories) and another six transgenic (Tg) mice (five males and one female) were fed a control diet for 35 d, at which point mice were transcardially perfused, brains removed, and hemispheres separated. One hemisphere was fixed and used for immunohistochemistry and the other half was stripped of cerebellum and midbrain and homogenized.
Human brain tissues. Frozen medial temporal brain samples were obtained from the Brain Bank and Tissue Repository in Irvine, California. Nondemented and AD cases were catalogued as tangle stages 1 and 2 and 5 and 6, respectively. They ranged in age from 81 to 90 years and both groups had three males and one female. Tissues were processed for immunofluorescence as described above.
Western blot. Western blot experiments were performed as described previously (Abisambra et al., 2010b) . Membranes were incubated with the following primary antibodies: PHF1, ubiquitin, and pPERK were used at 1:500; human tau 150, Tau5, calnexin, VCP, Hrd1, Flotillin-1, and CD3␦, were used at 1:1000; E1 at 1:1500; GAPDH and actin were used at 1:5000.
Immunohistochemistry. Mouse brains were harvested as described previously . Briefly, mice were overdosed with pentobarbital and perfused transcardially with 0.9% normal saline solution. Brains were removed and immersed in 4% paraformaldehyde. Fixed brains were cryoprotected in successive 24 h increments of 10%, 20%, and 30% sucrose gradients as described previously (Gordon et al., 2002) . Brains were frozen on a temperature-controlled freezing stage, sagittally sectioned (25-50 m) on a sliding microtome, and stored in a solution of PBS containing 0.02% NaN 3 at 4°C. Immunostaining was performed following protocols described previously with minor modifications (Gordon et al., 1997; Abisambra et al., 2010a) . Brain sections were mounted on glass slides with medium (30% ethanol in PBS). Once dry, sections were blocked and permeabilized in blocking buffer (4% donkey serum, 1.83% lysine, and 0.2% Triton X-100 in TBS) for 1 h. Slides were then incubated overnight at 4°C with the following antibodies: CD3␦ (mouse 1:50), ubiquitin mouse (1:25), ubiquitin goat (1:50), calnexin (1:50), PHF1 (1:500), VCP (1:50), BiP (1:50), and pPERK (1:25). Slides were washed with TBS and then incubated with Alexa Fluor 488 nm and Alexa Fluor 594 nm secondary antibodies (Invitrogen) at 1:1500 for 2 h at room temperature. Slides were then washed again and incubated with DAPI (1:20,000; Sigma) or Neurotrace as indicated. Nonspecific reaction product formation was negligible as assessed by omitting the primary antibody. Coverslips were placed as described previously (Abisambra et al., 2010b) . Human AD tissue staining went through an extra stain with Sudan black to block autofluorescence inherent to the tissue.
Microscopy. All slides were imaged using the Carl Zeiss AxioImager.Z1 microscope with Apotome, the Olympus Fluoview confocal microscope, or the Olympus FV1000 MPE multiphoton laser scanning microscope as described previously (Abisambra et al., 2010a; Abisambra et al., 2010b) . AxioVision 4.8 was used to adjust the brightness and contrast to all images within the same experiment equally and simultaneously; the same procedure was done for the Olympus images but using ImageJ. For this, brightness and contrast settings were obtained by eliminating nonspecific signal of images from the no-primary control tissues; the same settings were then applied to all other images. Images with artifacts were excluded. The human brain tissue analysis was based on sections from three AD and three control brains. For all other immunofluorescent experiments except methylene blue (MB) rescue (which used multiple images from two mice), multiple images were taken from at least three mice for each condition. Data analysis for the Dox rescue experiment was performed as follows: multiple sections from six mice of each condition (Dox treated and controls) were stained for ubiquitin, pPERK, BiP, and tau, and sections were imaged using the Zeiss AxioImager.Z1. Images of DG, CA1, CA2, CA3, and frontal cortex for each section were taken using the same fixed exposure time, which was set above background generated by a negative control slide (no primary incubation). Images were analyzed using ImageJ software as described above by quantitating the positive signal normalized to the amount of cells (DAPI signal) and averaged per condition. All data were plotted as relative to control, which was set to 100%. Data analysis for the MB rescue experiment (Fig. 5 ) was performed as follows: images were taken from several sections of each mouse brain in the DG of treated and contralateral untreated sides. All images were analyzed in ImageJ to obtain quantitative values for the integrated density and the area. The ratio of integrated density of the ubiquitin signal to that of the DAPI-positive staining was assigned as the amount of ubiquitin signal per image. All values that were two SDs above or below the mean corresponding to each group were discarded. Positive staining was determined using an automatic segmentation based on a set threshold value defined by darker staining (AxioVision 4.8). Colocalization analysis was performed as described previously and was determined based on Pearson's and Manders' coefficients. To rule out haphazard colocalization, Costes' analysis was also performed. Data analysis for CD3␦-yellow fluorescent protein (YFP) experiments (Fig.  7G-J ) was performed as follows: five random images of each condition were captured using the AMG EVOSfl system at 10ϫ magnification using GFP and transmitted light channels. Each image was analyzed as described previously (Abisambra et al., 2010a) . The positive signal of all images was processed at a high constant for stringent threshold (level 1) to reveal only punctate staining; this facilitated evident quantifiable peaks of signal. The area of transmitted light signal was used as a correlate of the number of cells in each region of interest (ROI) and this number was used to normalize the data representative of punctate YFP. Moreover, this value was considered to represent the amount of CD3␦ in the cells of each condition. Manders' coefficient analysis was performed as follows: between 7 and 12 z-stacked images at different magnifications (1 m depth between each image) were captured with the Olympus FV1000 MPE multiphoton laser scanning microscope. Files were analyzed using the JACoP plugin in ImageJ. Pearson's coefficients higher than 0.5 but lower than 0.9 were considered to partially colocalize (Bolte and Cordelières, 2006) . Manders' coefficients for the green and red channels (M1 or M2) were tabulated and plotted to obtain an average, SD, and minimum/maximum values. ROIs were obtained by magnifying the original images, cropping the cell or cells within the ROI, splitting all channels, and comparing the cyan with green, red with green, and cyan with red channels using the ImageJ toolbox JACoP (Bolte and Cordelières, 2006) . This yielded several values for ROIs within the same image. The total number of images for each condition was three or greater, and the amount of ROIs for each image was nine or greater.
Cell culture. To create tetracycline (Tet)-regulated tau stable cell lines, we inserted a human wild-type tau 4R0N or 6/TR (six repeats of TET repressor sequence) DNA into a pCDNA 4/TO plasmid vector carrying Zeocin selection (Invitrogen). The Tau/TO plasmid construct was then transfected into the Tet-regulated expression (T-REx; Invitrogen) HEK cell lines stably expressing the Tet repressor under the selection of blasticidin. After 24 h of DNA transfection, zeocin (400 g/ml) and blasticidin (5 g/ml) were added to the media (DMEM containing 10% FBS, 2 mM L-glutamine, 1% Pen-Strep). Every 3-4 d, the medium was replaced with fresh medium containing zeocin and blasticidin. After 3 weeks, stable cell colonies were transferred to 6-well plates. These colonies were induced by Tet (1 g/ml, Sigma) and tau expression was assessed by Western blot. Tau-or 6/TR-expressing stable HEK cells were maintained under the selection of zeocin and blasticidin and used for experimentation. Proteins were obtained by harvesting cells in mammalian protein extraction reagent buffer (M-PER; Pierce) containing 1ϫ protease inhibitor mixture (Calbiochem), 100 mM phenylmethylsulfonyl fluoride, and 1ϫ phosphatase inhibitor II and III cocktails (Sigma). This procedure was similar to one described previously (Khlistunova et al., 2006) .
Microsome isolation. For iHek cell culture experiments, cells were plated and allowed to grow to confluency with the indicated treatments (ϮTet) in either six-well plates or 10 cm dishes. Cells were scraped at the indicated time points and collected and centrifuged at 1500 rpm for 5 min to remove the medium. Cells were then homogenized in sucrose (0.25 M) containing 1ϫ protease inhibitor mixture (Calbiochem), 100 mM phenylmethylsulfonyl fluoride, and 1ϫ phosphatase inhibitor II and III cocktails (Sigma) by pipetting 30 times. For human brain processing, 200 mg of medial temporal gyrus from 3 male Braak stage 6 brains, 2 male Braak stage 2 brains, and 1 stage 1 brain were dounce homogenized in the same sucrose buffer described above. All types of samples were then centrifuged at 16,000 ϫ g for 15 min at 4°C. The supernatant was transferred and centrifuged at 100,000 ϫ g for 1 h at 4°C. The new supernatant contained the cytoplasmic protein fraction. The pellet corresponded to the microsomal protein fraction and was resuspended in RIPA buffer containing 1ϫ protease inhibitor mixture (Calbiochem), 100 mM phenylmethylsulfonyl fluoride, and 1ϫ phosphatase inhibitor II and III cocktails (Sigma). Tau is correlated with accumulation of ubiquitin and activation of PERK. A, Representative Western blots of ubiquitin and pPERK and PERK in the brains of 9-month old Tg and nontransgenic (Non) controls. Tau bands confirm tau overexpression; GAPDH was used as a loading control. B, Quantification of A (n ϭ 6 Non and n ϭ 7 Tg; 4-and 3-fold increases of **p Ͻ 0.01 and *p Ͻ 0.05, respectively). C-J, Representative immunofluorescent microscopy images of ubiquitin (C,D; green), pPERK (E,F; red), BiP (G,H; red), and tau (I,J; green) in the 4 hippocampus of Non (C,E,G,I) and Tg (D,F,H,J) mice. DAPI (blue) was used to identify cell nuclei. Scale bar, 20 m. K, Graph showing quantification of immunofluorescent-positive signal in C-J. Ubiquitin, pPERK, and BiP levels in the Tg brains were increased by 3.7-fold (n ϭ 3 Non and n ϭ 6 Tg; ***p Ͻ 0.001), 2.4-fold (n ϭ 3 Non and n ϭ 5 Tg; ***p ϭ 0.0001), and 0.3-fold (n ϭ 5 Non and n ϭ 4 Tg; *p Ͻ 0.05), respectively; PHF1 tau levels were virtually undetectable above background in I. Statistical significance was determined using Student's t test.
Statistical analyses. Statistical significance for all experiments was determined with Student's t tests (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, †p Ͻ 0.0001). Linear regression analyses were performed for cell culture time courses. For all data analyses, values above or below two SDs of the mean were considered outliers and discarded from the dataset. This procedure removed Յtwo values from each set at the most, which maintained Նthree data points for each condition. Therefore, unless otherwise specified, all experiments were conducted in triplicate and at least three samples were used for each assay. Graphs and statistical analyses were plotted and performed using Prism software (GraphPad).
Results
Studies in cell culture and yeast models have shown that unstructured neurotoxic proteins such as ␣-synuclein and polyglutamine lead to accumulation of ubiquitinated proteins and activation of ER stress (Cooper et al., 2006; Bennett et al., 2007; Duennwald and Lindquist, 2008) . We investigated whether tau accumulation may also result in similar sequelae. For these studies, we used the rTg4510 mouse model of tauopathy, which have an aggressive phenotype featuring severe tangle pathology and neuronal function deficits at 3 months (Abisambra et al., 2010b) and significant neurodegeneration that is coincident with cognitive decline deficits (Santacruz et al., 2005) at 5.5 months of age. The levels of ubiquitinated proteins, PERK, and pPERK were assessed in the brains of rTg4510 mice at an advanced stage of disease (9 months of age). Although PERK levels did not change, both ubiquitin and pPERK were significantly increased compared with age-matched nontransgenic controls (Fig. 1 A, B) . Furthermore, the ratio of active (pPERK) to inactive PERK maintained its magnitude difference between control and Tg mice. Increased ubiquitin precedes activation of ER stress. A, Representative Western blot of pPERK, BiP, ubiquitin, tau, and actin from iHEK-Tau cells induced to express tau by adding Tet to the media for 4 d. Samples were collected at the indicated times. B, Linear regression analysis representing the relative quantitation of pPERK, BiP, and ubiquitin levels in A over time; values are relative and normalized to GAPDH and tau. Significance was derived from four experiments; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 for C, E, G. Representative immunofluorescent images of Tg hippocampi of the indicated ages and stained for ubiquitin (C; green), pPERK (E; red), and tau (G; red). Scale bar, 100 m. D, F, H, Quantitative analysis of C, E, and G. Immunofluorescence in 3-month-old (3MO) sections was virtually undetectable above background control slide, which consisted of immunofluorescent staining without primary antibody incubation. Compared with 6MO mice, ubiquitin, pPERK, and tau levels increased by 150% (9MO; †p Ͻ 0.0001) and 186% (12MO; †p Ͻ 0.0001), 266% and 243% (9MO; †p Ͻ 0.0001), and 194% (9MO; ***p Ͻ 0.001) and 215% (12MO; ***p Ͻ 0.001), respectively. Comparing 9MO with 12MO mice, ubiquitin and tau levels were significantly different ( †p Ͻ 0.0001 and ***p Ͻ 0.001, respectively), but pPERK levels were not ( p Ͼ 0.05) (n ϭ 3 mice for each condition). Statistical significance was determined using Student's t test.
Ubiquitinated proteins, pPERK, and another marker of ER stress, BiP, were significantly increased by 3.7-fold, 2.4-fold, and 0.3-fold in the hippocampus and cortex of transgenic mice, respectively; these are regions where tau pathology is most robust in these mice (Fig. 1C-K ) . This was consistent with pathological data from AD brains showing similar increases in pPERK and ubiquitin immunoreactivity (Mori et al., 1987; Perry et al., 1987; Bancher et al., 1989; Kertesz et al., 2000; Hoozemans et al., 2009; .
Our results suggested that increased levels of ubiquitinated proteins and increased UPR activation accompanied tau accumulation. However, to determine whether tau could promote these same abnormalities directly and show that this was not just an indirect downstream consequence of tau accretion, we developed a cell model of inducible tau expression. This HEK cell line (iHEK-Tau) is stably transfected with human 4R0N wild-type tau with a Tet-On controllable response element built into the promoter. Therefore, tau expression can be induced in these cells by adding Tet to the medium. We investigated whether acute upregulation of tau could activate the ER stress response using this system. These cells were treated with Tet and harvested at the indicated time points after treatment. Interestingly, we found that the levels of ubiquitinated proteins occurred after just 24 h of tau induction and increased levels of the two ER stress markers followed this at 72 and 96 h (Fig. 2 A, B) . This result suggested that tau precipitated an initial accumulation of ubiquitinated proteins that then led to UPR activation, which is suggestive of ERAD disruption. We then sought to assess changes in the accumulation of UPRassociated proteins over time in vivo. We stained for tau, pPERK, and ubiquitin in brains of Tg mice at 3, 6, 9, and 12 months. Accumulation of pPERK and ubiquitin was concomitant with the increases in tau aggregates (Fig. 2C-H ) , suggesting that aged neurons are more susceptible to UPR stress than young neurons.
We then investigated the localization of ubiquitin and tau in brain tissue from 9-month old tau transgenic mice using co-immunofluorescently labeled ubiquitin (green) and tau (red) (Fig. 3A-C) . We performed a rigorous and unbiased colocalization routine using Costes' and Manders' analyses. Costes' analysis uses an automatic threshold to generate Pearson and 31% of ubiquitin (top green bar) colocalizes with tau or calnexin, respectively (Pearson Ͼ 0.5); however, tau and calnexin do not colocalize (Pearson Ͻ 0.5). The remaining ubiquitin signal did not colocalize with either tau or calnexin (ϳ29%). Red and cyan bars bar show that 39% of tau and 49% of calnexin are ubiquitinated, respectively. Analysis is based on images taken from 3 AD brains in Braak stage 5 or 6; multiple images were taken from each brain and three randomly selected neurons were analyzed to obtain Pearson's, Manders', and Costes' coefficients, as described in the Materials and Methods. G, Representative Western blot of ubiquitin and flotillin-1 in the microsomal fractions of medial temporal gyrus of nondemented controls and AD brains.
coefficients of colocalization and Manders' coefficients (M1 and M2) determine the amount of each signal that colocalizes with the other (Bolte and Cordelières, 2006). We found that ubiquitin and tau indeed colocalized but, surprisingly, this interaction was only partial. In fact, only 24% of the ubiquitin signal associated with tau. The reciprocal analysis showed that 60% of total tau colocalized with the ubiquitin signal. These data suggest that there is a large amount of ubiquitin (ϳ76%) that accumulated in the cell yet was independent of tau. We then investigated where this other pool of ubiquitinated proteins was accumulating within neurons. Because impairment of ERAD can cause the accumulation of ubiquitinated proteins on the ER membrane (Weihl et al., 2006), we performed a quadruple co-immunofluorescent stain for ubiquitin (green), tau (red), the ER-resident protein calnexin (cyan; Fig. 3D ), and a neuron-specific dye (blue) in rTg4510 brains. Pathologically visible tau did not colocalize with the ER marker (Fig. 3E) . However, ubiquitin-positive signal significantly colocalized with Ͼ42% of the ER membrane protein, accounting for 17% of the total ubiquitinpositive signal present in neurons (Fig. 3F) . Therefore, a large area of the ER was covered by ubiquitin-positive immunofluorescence. The remaining 59% of ubiquitin-positive signal did not colocalize with either tau or calnexin, suggesting that tau might disrupt other processes involving the clearance of ubiquitinated proteins.
To confirm that these ubiquitin/ER stress abnormalities were not simply artifacts of tau overexpression as in the rTg4510 mice and iHEK cell model, we performed the same quadruple labeling experiment using fixed human cortical sections of advanced stage AD (Braak stage 5-6), which have robust accumulation of aberrant tau that is not driven by overexpression (Fig. 4) . Similar to mice, we found that tau-positive fluorescence did not associate with the ER signal (Fig.  4A) . Moreover, ubiquitin-positive signal partially colocalized with immunofluorescent signals for tau (30% of total ubiquitin) and calnexin (31% of total ubiquitin; Fig. 4 B, C) . Therefore, sporadic cases of AD showed even stronger colocalization of ubiquitin-positive signal with the ER marker calnexin. Further analysis showed that, similar to the mice, almost half (49%) of the ER was decorated by ubiquitin-positive signal, whereas 39% of tau was ubiquitin positive (Fig. 4F ) . We then assessed ubiquitin levels in AD and nondiseased medial temporal gyrus after subcellular fractionation. The ubiquitin signal was markedly accumulated in the AD microsomes, whereas the cytoplasmic fraction showed no noticeable difference in the levels of ubiquitinated proteins (Fig. 4G) .
We then investigated whether removing tau could reverse these ER and UPR defects that were caused by tau accumulation. Recent findings suggest that some species of soluble tau are toxic in tauopathies, whereas insoluble tau accumulation may be protective to some extent (Oddo et al., 2006; Goedert et al., 2010; Liu et al., 2012a; de Calignon et al., 2012) . Based on this information and our findings in the iHEK cell model shown in Figure 2 , in which acute upregulation of wild-type tau could drive accumulation of ubiquitinated proteins and UPR activation, we abrogated tau levels in the Tg mice using Dox. The rTg4510 mouse has a TET-off system that allows for suppression of tau transgene expression upon administration of Dox (Santacruz et al., 2005) . We fed mice a Dox-enriched diet for 35 d and measured changes in tau, ubiquitin, and pPERK levels, particularly in areas where tau deposition is prevalent, such as the hippocampus and the frontal cortex (Fig. 5A-F ) . Indeed, ubiquitin, pPERK, and tau levels were significantly reduced with Dox treatment by 20% (*p Ͻ 0.05; n ϭ 3 control and n ϭ 4 Dox), 37% (*p Ͻ 0.05; n ϭ 5 control and n ϭ 6 Dox), and 64% ( †p Ͻ 0.0001; n ϭ 6 control and n ϭ 6 Dox), respectively (Fig. 5C, F, H ) . To further confirm these results, we , 40 m) . C, F, Graphs showing that ubiquitin and pPERK aggregates were decreased by 20% (*p Ͻ 0.05; n ϭ 3 control and n ϭ 4 Dox) and 37% (***p Ͻ 0.0001; n ϭ 5 control and n ϭ 6 Dox), respectively. G, H, Representative immunoblot of tau from brains of Dox-fed mice and controls showing that tau levels were decreased by 64% ( †p Ͻ 0.0001; n ϭ 6 for each condition). I, Representative Western blot of pPERK, BiP, ubiquitin, tau, and actin from iHEK-Tau cells. iHEK-Tau cells were induced to express tau by adding Tet to the media. After 4 d, Tet-containing medium was removed, cells were washed, and Tet-free media was added for 4 d. Cells were harvested at different time points after removing the Tet. J, Linear regression analysis showing reductions in of pPERK, BiP, and ubiquitin levels over time after Tet removal; values are relative and normalized to actin. Significance was derived from four experiments (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001).
investigated whether reducing tau levels acutely could also reduce ER stress in the iHEK cell model. Cells were induced to express tau for 4 d to achieve maximal induction and the Tet was then washed out to suppress tau expression. Cell lysates were collected at the indicated time points after Tet wash out and analyzed by Western blot (Fig. 5 I, J ) . As expected, tau levels were reduced over time. Similarly, we observed concomitant decreases of pPERK, BiP, and ubiquitin, thus confirming the in vivo results: tau-induced ER stress is reversible.
Our data thus far suggested that tau impedes the clearance of ubiquitinated proteins from the ER and causes an ER stress response. However, we sought to identify a mechanism by which tau could be causing this defect. Based on previous work with ␣-synuclein and poly-glutamine expansion proteins, we speculated that tau accumulation might be able to interfere with ERAD through a nonspecific interaction with proteins associated with the ER membrane. Indeed, separation of cellular lysates into membrane and cytosolic containing fractions showed that a substantial amount of tau associated with membranes, supporting this hypothesis (Fig. 6A) . Based on this result, we explored whether tau could interact with one of the major contributors to the ERAD pathway, the VCP/p97 complex. This is a large heteromeric protein complex consisting of VCP, ubiquitin ligases, adaptor proteins, translocation machinery, and other trafficking proteins involved in exporting misfolded ER proteins to the proteasome (Bays et al., 2001; Ye et al., 2001; Braun et al., 2002; Jarosch et al., 2002; Rabinovich et al., 2002; Carvalho et al., 2006) . Indeed, coimmunoprecipitation experiments with brain lysates from rTg4510 mice and wild-type littermates revealed that tau was associated with the VCP complex, as evidenced by its association with VCP itself and with Hrd1, a ubiquitin ligase component of the VCP complex (Carvalho et al., 2006;  Fig. 6 B, C) . Increased levels of VCP (3-fold, *p Ͻ 0.05) in rTg4510 mice were also observed (Fig. 6C) . Immunofluorescent colocalization analyses also revealed an association of tau with VCP in the brains of rTg4510 mice (Fig. 6D-G) . In this way, tau accumulation drives its aberrant interaction with membrane-associated proteins. In fact, its interaction with the VCP complex would be one mechanism by which this aberrant membrane association triggers ER stress.
To determine directly whether tau could impair ERAD, we assessed the levels of CD3␦, a subunit of the T-cell antigen receptor that is a well characterized substrate of ERAD, in the rTg4510 brain (Yang and Parkhouse, 1998;  Fig. 7A-C) . CD3␦ was increased by ϳ35% in the CA3 region of the hippocampus of rTg4510 mice compared with wild-type controls (*p Ͻ 0.05, n ϭ 3 for each condition). To better evaluate whether tau could impair ERAD directly, we transfected iHEK-Tau cells with CD3␦-YFP, a reporter that is used to assess ERAD function, or vector-only plasmids and induced tau expression for 48 and 72 h. Cells were fractionated to separate ER-containing microsomes from cytoplasmic proteins. Increased tau expression caused ϳ50% of the CD3␦ signal to shift from the cytoplasmic to the microsomal fraction ( Fig. 7D-F ; *p Ͻ 0.05, n ϭ 3 independent experiments). Next, iHEK-Tau cells and the control iHEK-6/TR line were transfected with CD3␦-YFP and treated with Tet. Livecell images were captured after 24 h of tau expression (Fig. 7G-J ) . Compared with Tet-treated iHEK-6/TR cells (Fig. 7G) and vehicle-treated iHEK-Tau cells (Fig. 7H ) , Tet-treated iHEK-Tau cells showed a 74% increase in punctate YFP-positive staining (Fig. 7 I, J; **p Ͻ 0.01). Therefore, tau was able to impair ERAD directly, leading to UPR stress and the associated cell death that occurs when this pathway is activated.
Discussion
Brains from AD patients and tau transgenic mice have common pathological features: abnormal accumulation of the ERAD substrate CD3␦ in the ER, accretion of ubiquitin on the ER membrane, and activation of the ER stress sensor PERK. One possible mechanism by which tau impairs ERAD is through interference with the ERAD complex, which contains proteins such as VCP and Hrd1. Therefore, we propose a pathological cascade model in tauopathies and AD that begins with tau accumulation impairing ERAD and results in activation of the UPR. Interestingly, this cascade could be stopped if soluble tau was depleted, suggesting that strategies aimed at reducing soluble tau could be beneficial for tauopathies including AD.
Our observation that PERK activation was increased in the AD and tau transgenic brain supports recent evidence suggesting that this UPR kinase plays an important role in neurodegenerative disorders (Hoglinger et al., 2011) . For example, the largest genome-wide association study for PSP ever performed revealed that a SNP on the gene coding for PERK (EIF2AK3) was associated with this tauopathy. Interestingly, the SNP is present in the 5ЈUTR of EIF2AK3, suggesting that altered PERK expression may participate in the disease process. In addition, pathological studies have shown increased levels of pPERK in brain tissues of individuals suffering from tauopathies such as AD, FTD, and PSP (Hoozemans et al., 2007; . However, signs of ER stress in neurodegenerative diseases are not exclusive to tauopathies: pathological studies from diseases such as Parkinson's disease, polglutamine diseases, and even glaucoma have shown that PERK and the ER stress system play a role in their pathogenesis as well (Ryu et al., 2002; Bennett et al., 2007; Doh et al., 2010) .
The mechanisms contributing to ER stress and PERK activation in neurodegenerative diseases are not entirely clear, but several recent studies suggest that it is soluble, oligomeric species of disease-associated proteins such as A␤ 42 and ␣-synuclein that are most likely responsible (Casas-Tinto et al., 2011; Castillo-Carranza et al., 2012; Colla et al., 2012) . In one study, the investigators found that toxic prefibrillar ␣-synuclein oligomers form from within the ER lumen before the onset of disease signs and symptoms. Therefore, ERassociated soluble ␣-synuclein oligomers were the early driving force behind activation of ER stress. Here, we show that it is likely that soluble tau conformers also lead to tau-induced ER stress. This is important because recent evidence suggests that soluble oligomeric tau, but not insoluble tau, is most likely responsible for tauinduced neurotoxicity de Calignon et al., 2012) . Therefore, the formation of soluble tau intermediates may activate a cell damage pathway that is only visible pathologically using ER stress markers. This could help to explain why the number of neurons lost in the AD brain far exceeds the number of tau tangles. It is likely that multiple mechanisms of cell death are activated when tau begins to accumulate, and ER stress appears to be one of the major routes.
ER stress is triggered when there is an increase in nascent protein input and a diminution of output, and the latter effect is due to alterations in either protein secretion or ERAD. Because there is no evident change in protein secretion in AD or the Figure 7 . The ERAD substrate CD3␦ accumulates in tau-overexpressing models and human AD brains. A, B, Representative immunofluorescent images of CA3 from nontransgenic (Non; A) or Tg (B) mice stained for CD3␦ (green). DAPI (blue) was used to identify cell nuclei; scale bars, 50 m (low-magnification images) and 25 m (insets). C, Quantification showed a 35% increase of CD3␦-positive signal in the CA3 of Tg brains compared with Non controls (*p Ͻ 0.05, n ϭ 3 mice for each condition). D, Representative Western blots of CD3␦ and tau in iHEK-Tau cells transfected with CD3␦ or control vector plasmids and treated with Tet or vehicle for 48 or 72 h. ER-containing microsomes (Micro) were isolated from cytoplasmic (Cyto) protein fractions and samples were run in separate gels. E, Ponceau S stain of C showing equal loading. F, Relative quantitation of CD3␦ signal normalized to the integrated density of Ponceau S for the entire lane. Tau-expressing cells had 50% more CD3␦ in the microsomal fraction and 58% less in the cytoplasmic fraction (*p Ͻ 0.05). G-I, Live-cell images of iHek-6/TR and iHEK-Tau cells transfected with CD3␦-YFP and treated with Tet or vehicle for 24 h. J, Quantitation of punctate YFP signal using five 10ϫ images from each condition (1.7-fold increase; **p Ͻ 0.001; this experiment was done in triplicate). Scale bar, 100 m (50 m for insets). K, L, Western blot of CD3␦ in AD (stage 5 and 6) and nondemented controls (stage 1 and 2) showing a 3.5-fold increase of CD3␦ in AD brains (*p Ͻ 0.05). Statistical significance was determined using Student's t test. tauopathic brain, we focused on ERAD damage as a possible mechanism for the ER stress. Indeed, ER stress can arise due to impairment of ERAD in in vitro models of synucleinopathy and a polyglutamine expansion disease, as shown by Cooper et al. (2006) and Duennwald and Lindquist (2008) . In the latter study, polyglutamine caused toxicity via ER stress in cell culture models by trapping essential components of the ERAD machinery comprised largely of the VCP heterocomplex (Duennwald and Lindquist, 2008) . With this in mind, we speculated that tau could similarly interfere with ERAD machinery. Indeed, we found that tau could associate with members of the VCP complex (Fig. 6) , suggesting a possible mechanism for the ER stress occurring in the AD brain and tau transgenic mouse brain.
VCP is part of a dynamic heteroprotein complex that participates in varied cellular functions, including transport of ERAD proteins from the ER membrane to the proteasome, endolysosomal transport, and mitochondrial DNA repair. There are thus far 30 proteins that have been identified as binding the VCP complex (Liu et al., 2012b) . Two such proteins, hrd1 and doa10, are associated with the ER membrane (Carvalho et al., 2006) . They serve as adaptor proteins that anchor the VCP complex for it to "pick up" ubiquitinated proteins or "clients" and they do so independently of each other. Both proteins recruit specific client types for degradation. Interestingly, autosomal-dominant, gainof-function mutations on the VCP gene are associated with the disease known as inclusion body myopathy with early-onset Paget disease and frontotemporal dementia (IBMPFD; for review, see Ju and Weihl, 2010; Hsueh, 2012) . Individuals with these mutations suffer from three major pathologies that effectively compromise the musculoskeletal and nervous systems. IBMPFD patients present with signs of FTD, linking VCP malfunction to neurological and cognitive damage, but these patients lack any tau pathology. In light of our findings, the IBMPFD neurological phenotype may indicate a major route for tau toxicity: as tau accumulates, soluble toxic conformers are produced that interfere with normal VCP function, resulting in neurotoxicity and neurologic impairment. The mutations in VCP are sufficient on their own to cause toxicity without the need for tau accumulation. This is similar to how tau mutations are sufficient to cause neurotoxicity and dementia without the need for amyloid ␤ accumulation.
The association of tau with hrd1, a VCP-associated E3 ubiquitin ligase, suggests yet another layer to the dysregulation of ERAD by tau. There are three types of ERAD, and each one requires the use of distinct protein assemblies. Hrd1 participates in ERAD-L and ERAD-M, degradation pathways that target proteins with lesions in their luminal or transmembrane domains, respectively (Hampton et al., 1996; Knop et al., 1996; Vashist and Ng, 2004; Carvalho et al., 2006; Denic et al., 2006) . However, hrd1 is not required for ERAD-C, which disposes of membrane-bound proteins with lesions in their cytoplasmic tails. Therefore, the hrd1-tau association (Fig. 6 ) may implicate tau in specific impairment of ERAD-L and ERAD-M, but not ERAD-C. This would cause accumulation of proteins that have the same type of defects, potentiating disequilibrium of proteostasis. Alternatively, tau may exert a general blockage of ERAD, accounting for overall accumulation of ERAD-bound proteins in the ER. Identification of the type of ERAD affected will provide insight into valuable therapeutic approaches.
This study may help to explain the inconsistencies between tangle number and neuronal loss that exist in tauopathic brains (Gó mez-Isla et al., 1997; Kril et al., 2002) . We propose that the tangle may serve as a seed for additional toxic tau conformers to spawn. These conformers are then able to assault the neuron from within on multiple fronts, one being ERAD impairment and ER stress-mediated cell death. In addition, these tau species can spread to neighboring neurons, as suggested in recent studies (Clavaguera et al., 2009; Liu et al., 2012a; de Calignon et al., 2012) . The effects of these spreading tau species once they are taken up by neurons are unknown; however, we speculate that they may have an even greater impact on ER stress given their likely involvement with the endocytic pathway that can converge on the ER machinery. Ultimately, the involvement of tau with the ER could lead to new insights about the mechanisms of tau dysfunction in tauopathies.
